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Thoracic endovascular aortic repair (TEVAR) has been shown to lead to increased aortic
stiffness. The aim of this study was to investigate the effect of stent graft type and stent graft
length on aortic stiffness in a controlled, experimental setting.
Methods
Twenty porcine thoracic aortas were connected to a pulsatile mock loop system. Intralum-
inal pressure was recorded at two sites in order to measure pulse wave velocity (PWV) for
each aorta: before stent graft deployment (t1); after deployment of a 100-mm long stent graft
(t2); and after distal extension through deployment of a second 100-mm long stent graft (t3).
Four different types of stent grafts (Conformable Gore® TAG®Device, Bolton Relay®
Device, Cook Zenith Alpha™, and Medtronic Valiant®) were evaluated.
Results
For the total cohort of 20 aortas, PWV increased by a mean 0.6 m/s or 8.9% of baseline
PWV after deployment of a 100-mm proximal stent graft (P<0.001), and by a mean 1.4 m/s
or 23.0% of baseline PWV after distal extension of the stent graft (P<0.001). Univariable
regression analysis showed a significant correlation between aortic PWV and extent of stent
graft coverage, (P<0.001), but no significant effect of baseline aortic length, baseline aortic
PWV, or stent graft type on the percentual increase in PWV at t2 or at t3.
Conclusions
In this experimental set-up, aortic stiffness increased significantly after stent graft deploy-
ment with each of the four types of stent graft, with the increase in aortic stiffness depending
on the extent of stent graft coverage.
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Introduction
Thoracic endovascular aortic repair (TEVAR) is the first choice of treatment for patients
with thoracic aortic diseases and suitable anatomy [1]. Understanding the effects of stent
graft deployment on aortic physiology may help to explain some of the long-term outcomes
after TEVAR. Stent graft deployment has been shown to significantly increase aortic stiffness
[2], which has been clearly established as an independent predictor of cardiovascular mortality
[3].
It is currently unknown which factors are related to the increase in aortic stiffness after
TEVAR. The material of aortic stent grafts can be up to a 100 times stiffer than native aortic
tissue [4, 5]. However, there are some differences in design among commercially available
stent grafts. We hypothesized that different stent graft designs may have different stiffening
effects. Moreover, we hypothesized that the length of aorta that is covered by stent graft is
related to the increase in aortic stiffness after TEVAR. Therefore, the aim of this experimental
study was to investigate whether the stiffening effects of stent graft deployment are dependent
on stent graft type and length.
Materials and methods
Experimental set-up
The experimental set-up that was used has been described previously [6]. For the current
study, twenty thoracic aortas of healthy pigs of a hybrid breed (10–12 months old, 160–180
kgs) were collected from a local slaughterhouse within 15 minutes after slaughter. The pigs
were not raised or sacrificed for the purpose of this or any study but for commercial purposes.
The aortas were transported and stored at 4˚C in isotonic saline solution until used for experi-
ments on the same day. At room temperature, excess connective tissue was removed and side
branches were ligated from the aortic root to the celiac trunk. Under a continuous pressure of
96 mmHg [7], markers were placed on the outside aortic wall at the ascending aorta and at the
level of the celiac trunk. Another marker was placed at the level where the aorta had a diameter
of 23 mm, which marked the intended proximal stent graft position. The distance between
ascending aorta and celiac trunk was measured using a wire and centimeter ruler.
Pulse wave velocity measurement
The aortic specimens were placed within a 3D printed guide and connected to a pulsatile
mock loop system [8], which is able to produce physiological pressures as a response to flow.
The system was fixed at a heart rate of 60 beats per minute, output of 5L per minute, and
peripheral resistance of 96 mmHg. Water at a temperature of 37˚C was used for perfusion.
The aortas were regularly with physiological saline solution to prevent tissue dehydration.
Intraluminal pressure was recorded in the ascending aorta and at the level of the celiac trunk
for five consecutive cardiac cycles using a needle connected to a pressure sensor (t1). The aorta
was disconnected from the circuit and a 100-mm long stent graft with a diameter of 26 mm
was deployed at the level where the aorta had a diameter of ±23 mm, to reach a 10% degree of
oversizing. The aorta was then reconnected and intraluminal pressures were recorded for five
cycles (t2). The stent graft was then extended with a second 100-mm long stent graft with a
diameter of 22–24 mm and a 4 cm overlap, as is most commonly done in clinical practice.
Intraluminal pressures were again recorded for five cycles (t3). Average aortic pulse wave
velocity (PWV) at t1, t2, and t3 was calculated by dividing the distance between ascending aorta
and celiac trunk by the average difference in time between the pressure peaks over the five
recorded cycles (Fig 1).
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Four different stent graft types of comparable sizes were used; each stent graft type was
tested in five different aortas. Stent graft type 1 (Conformable Gore1 TAG1 Device, W.L.
Gore & Associates, Flagstaff, AZ, USA) is characterized by a continuous sinusoidal-shaped
nitinol stent; Type 2 (Relay1, Bolton Medical, Barcelona, Spain) is made of Z-shaped nitinol
stents with a woven polyester graft and one longitudinal nitinol bar. Type 3 (Zenith Alpha™,
Cook Medical, Bloomington, IN, USA) is made of Z-shaped nitinol stents with a woven poly-
ester graft and external fixation barbs. Type 4 (Valiant1, Medtronic, Santa Rosa, CA, USA) is
made of Z-shaped nitinol stents with woven polyester graft. A description of the stent grafts
used in the experiments is shown in Fig 2.
Statistical analysis
IBM SPSS Statistics version 22.0 was used for statistical analysis. Normality of data was tested
with the Shapiro-Wilk test. Univariable regression analysis was performed to test the effect of
extent of stent graft coverage (t1 vs t2 vs t3) on aortic PWV, and the effect of baseline aortic
length and PWV and stent graft type on the percentual increase in PWV at t2 and t3. Statistical
significance was assumed at P<0.05.
Results and discussion
Mean aortic length (n = 20) was 384.3 mm (± 28.44 mm) at baseline, and did not differ
between the different stent graft groups (P = 0.294). Mean aortic PWV was 6.4 m/s (±0.7 m/s)
at baseline, 7.0 m/s (±0.9 m/s) after deployment of a 100-mm proximal stent graft (t2), and 7.9
m/s (±1.5 m/s) after distal extension of the stent graft (t3). This corresponded to an 8.9%
(±8.8%) increase in PWV at t2 (P<0.001) and a 23.0% (±17.4%) increase at t3 (P<0.001).
Baseline PWV increased by 8.0% (±5.4%) with stent graft type 1, by 4.7% (±8.8%) with
stent graft type 2, by 8.4% (±8.3%) with stent graft type 3, and by 14.5% (±11.6%) with stent
Fig 1. Generated pressure curves (average of five recorded cycles) in the ascending aorta and in the
descending aorta at the level of the celiac trunk. The distance between both pressure sensors was
divided by the difference in time between the base of the pressure curves to calculate aortic pulse
wave velocity. Red: ascending aorta, blue: descending aorta.
https://doi.org/10.1371/journal.pone.0186080.g001
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graft type 4 at t2. The differences in PWV increase at t2 did not reach statistical significance
(P = 0.386). Baseline PWV increased by 21.3% (±12.2%) with stent graft type 1, 11.7% (±9.4%)
with stent graft type 2, by 30.1% (±20.6%) with stent graft type 3, and by 27.9% (±23.3%) with
stent graft type 4 at t3. The differences in PWV increase at t3 did not reach statistical signifi-
cance (P = 0.462).
Univariable regression analysis showed a significant correlation between aortic PWV and
extent of stent graft coverage, (P<0.001). There was no statistically significant effect of baseline
aortic length or baseline aortic PWV on PWV increase at t2 (P = 0.666 and P = 0.527, respec-
tively) or on the increase in PWV at t3 (P = 0.548 and P = 0.610). Full details on the data under-
lying these findings can be found as supporting information S1 Table.
The interaction between native aorta and aortic stent grafts is not fully understood and may
depend on stent graft design [9, 10]. We used a controlled experimental set-up to test whether
differences in stent graft design may account for different stiffening effects after stent graft
deployment. This set-up eliminates variations in blood pressure, a known confounder for
PWV measurements [11]. Thus, each stent graft type was tested under the same pressure and
Fig 2. Description of the four types of stent grafts used for the experiments.
https://doi.org/10.1371/journal.pone.0186080.g002
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flow conditions. Our results show a net increase in aortic stiffness after stent graft deployment,
dependent on stent graft length.
Increased aortic PWV is widely accepted as a predictor of cardiovascular mortality, because
it is a marker of concomitant atherosclerotic disease. However, there are also independent
pathophysiological consequences of increased aortic stiffness. A stiffer aorta has a reduced
capacity for storage, causing the pulse wave to reach the resistance of the peripheral circulation
at a higher velocity, increasing the amount of pulse wave reflections and cardiac afterload [12].
Furthermore, increased arterial stiffness is involved in the pathophysiology of hypertension,
and TEVAR-induced aortic stiffness has been shown to lead to hypertension in young trauma
patients [13]. The effects of the artificially induced aortic stiffening after TEVAR on cardiovas-
cular remodelling thus merit further investigation [14].
Apparently, the most commonly used types of graft fabric and shapes of stent rings have at
least similar stiffening effects. None of the currently used stent grafts have the capacity for lon-
gitudinal expansion. Developing a stent graft that does preserve the longitudinal distensibility
of the native aorta while providing enough strength is a challenge that may be worth exploring.
Aortic radial pulsatility may be preserved after stent graft deployment with the right amount
of oversizing [15], thanks to the shape-memory of nitinol stents. However, the aorta is less stiff
in longitudinal direction than in radial direction [16, 17], and a compliance mismatch between
stented and non-stented aortic segments has been reported as an effect of stent graft deploy-
ment [9, 18]. It seems that the presence of a rigid stent graft leads to increased longitudinal
strain and transmural pressure in proximal non-stented segments. Part of type Ia endoleaks
and retrograde type A dissections occur at long-term and are attributed to progression of
underlying aortic disease [19]. Since the length of stent graft was related to the increase in stiff-
ness, one may speculate whether stent graft length is associated with complications.
Experimental set-ups have inherent limitations. No formal quality control of the porcine
aortic specimens was performed, so the presence of connective tissue disorders or microscopic
atherosclerosis could not be excluded, and may have confounded our results. Porcine tissue is
more elastic than very aged [20] or aneurysmatic [21] human tissue, but might be similar to
that of young individuals [22]. We used water, which has a lower viscosity than blood, for per-
fusion, as is also reported by other studies using ex vivo porcine aortas in a pulsatile flow cir-
cuit [23, 24]. The effect of blood viscosity on PWV is likely to be small in the high-speed
environment of the aorta [25]. The aortas were slightly constrained by a 3D printed guide to
approximate the movement of the thoracic aorta within the thoracic cavity. However, the
absence of surrounding tissue may impact the mechanical properties of a vessel [26]. Finally,
although the results of our experiments did not show major differences in stiffening effects of
the studied stent graft types, our sample size was not sufficient to detect small differences that
may have been confounded by small (<10%) differences in aortic length.
Conclusions
Aortic stiffness increased significantly after stent graft deployment in this experimental study.
The increase in aortic stiffness depended on the length of the aorta that was covered by stent
graft but not on the type of stent graft.
Supporting information
S1 Table. Table with raw data on pulse wave velocity measurements per aortic specimen.
(XLSX)
Aortic pulse wave velocity changes with four thoracic aortic stent grafts
PLOS ONE | https://doi.org/10.1371/journal.pone.0186080 October 5, 2017 5 / 7
Author Contributions
Conceptualization: Hector W. L. de Beaufort, Michele Conti, Foeke J. H. Nauta, Ettore Lan-
zarone, Frans L. Moll, Joost A. van Herwaarden, Santi Trimarchi.
Data curation: Hector W. L. de Beaufort, Margherita Coda, Michele Conti, Theodorus M. J.
van Bakel.
Formal analysis: Hector W. L. de Beaufort.
Investigation: Hector W. L. de Beaufort, Margherita Coda, Theodorus M. J. van Bakel.
Methodology: Hector W. L. de Beaufort, Margherita Coda, Michele Conti, Ettore Lanzarone,
Santi Trimarchi.
Supervision: Frans L. Moll, Joost A. van Herwaarden, Ferdinando Auricchio, Santi Trimarchi.
Writing – original draft: Hector W. L. de Beaufort.
Writing – review & editing: Michele Conti, Theodorus M. J. van Bakel, Foeke J. H. Nauta,
Joost A. van Herwaarden, Ferdinando Auricchio, Santi Trimarchi.
References
1. Erbel R, Aboyans V, Boileau C, Bossone E, Bartolomeo RD, Eggebrecht H et al. 2014 esc guidelines
on the diagnosis and treatment of aortic diseases: Document covering acute and chronic aortic dis-
eases of the thoracic and abdominal aorta of the adult. The task force for the diagnosis and treatment of
aortic diseases of the european society of cardiology (esc). Eur Heart J 2014; 35:2873–2926. https://
doi.org/10.1093/eurheartj/ehu281 PMID: 25173340
2. Moulakakis KG, Kadoglou NP, Antonopoulos CC, Mylonas SN, Kakisis J, Papadakis I et al. Changes in
arterial stiffness and nt-probnp levels after endovascular repair of descending thoracic aorta. Ann Vasc
Surg 2016.
3. Vlachopoulos C, Aznaouridis K, Stefanadis C. Prediction of cardiovascular events and all-cause mortal-
ity with arterial stiffness: A systematic review and meta-analysis. J Am Coll Cardiol 2010; 55:1318–
1327. https://doi.org/10.1016/j.jacc.2009.10.061 PMID: 20338492
4. Kleinstreuer C, Li Z, Basciano CA, Seelecke S, Farber MA. Computational mechanics of nitinol stent
grafts. J Biomech 2008; 41:2370–2378. https://doi.org/10.1016/j.jbiomech.2008.05.032 PMID:
18644312
5. Roccabianca S, Figueroa CA, Tellides G, Humphrey JD. Quantification of regional differences in aortic
stiffness in the aging human. Journal of the mechanical behavior of biomedical materials 2014; 29:618–
634. https://doi.org/10.1016/j.jmbbm.2013.01.026 PMID: 23499251
6. de Beaufort HWL, Conti M, Kamman AV, Nauta FJH, Lanzarone E, Moll FL et al. Stent-graft deploy-
ment increases aortic stiffness in an ex vivo porcine model. Ann Vasc Surg 2017.
7. Hannon JP, Bossone CA, Wade CE. Normal physiological values for conscious pigs used in biomedical
research. Laboratory animal science 1990; 40:293–298. PMID: 2162986
8. Lanzarone E, Vismara R, Fiore GB. A new pulsatile volumetric device with biomorphic valves for the in
vitro study of the cardiovascular system. Artificial organs 2009; 33:1048–1062. https://doi.org/10.1111/j.
1525-1594.2009.00812.x PMID: 19604227
9. Morris L, Stefanov F, Hynes N, Diethrich EB, Sultan S. An experimental evaluation of device/arterial
wall compliance mismatch for four stent-graft devices and a multi-layer flow modulator device for the
treatment of abdominal aortic aneurysms. Eur J Vasc Endovasc Surg 2016; 51:44–55. https://doi.org/
10.1016/j.ejvs.2015.07.041 PMID: 26363972
10. van Herwaarden JA, Muhs BE, Vincken KL, van Prehn J, Teutelink A, Bartels LW et al. Aortic compli-
ance following evar and the influence of different endografts: Determination using dynamic mra. J Endo-
vasc Ther 2006; 13:406–414. https://doi.org/10.1583/06-1848.1 PMID: 16784330
11. Townsend RR, Wilkinson IB, Schiffrin EL, Avolio AP, Chirinos JA, Cockcroft JR et al. Recommenda-
tions for improving and standardizing vascular research on arterial stiffness: A scientific statement from
the american heart association. Hypertension 2015; 66:698–722. https://doi.org/10.1161/HYP.
0000000000000033 PMID: 26160955
12. Nichols WW, Nichols WW, McDonald DA. Mcdonald’s blood flow in arteries: Theoretic, experimental,
and clinical principles. London: Hodder Arnold; 2011.
Aortic pulse wave velocity changes with four thoracic aortic stent grafts
PLOS ONE | https://doi.org/10.1371/journal.pone.0186080 October 5, 2017 6 / 7
13. Tzilalis VD, Kamvysis D, Panagou P, Kaskarelis I, Lazarides MK, Perdikides T et al. Increased pulse
wave velocity and arterial hypertension in young patients with thoracic aortic endografts. Ann Vasc Surg
2012; 26:462–467. https://doi.org/10.1016/j.avsg.2011.06.021 PMID: 22284778
14. Nauta FJ, Kamman AV, Ibrahim EH, Agarwal PP, Yang B, Kim K et al. Assessment of cardiovascular
remodelling following endovascular aortic repair through imaging and computation: The core prospec-
tive observational cohort study protocol. BMJ open 2016; 6:e012270. https://doi.org/10.1136/bmjopen-
2016-012270 PMID: 27856475
15. van Prehn J, Bartels LW, Mestres G, Vincken KL, Prokop M, Verhagen HJ et al. Dynamic aortic
changes in patients with thoracic aortic aneurysms evaluated with electrocardiography-triggered com-
puted tomographic angiography before and after thoracic endovascular aneurysm repair: Preliminary
results. Ann Vasc Surg 2009; 23:291–297. https://doi.org/10.1016/j.avsg.2008.08.007 PMID:
18809281
16. Deplano V, Boufi M, Boiron O, Guivier-Curien C, Alimi Y, Bertrand E. Biaxial tensile tests of the porcine
ascending aorta. J Biomech 2016; 49:2031–2037. https://doi.org/10.1016/j.jbiomech.2016.05.005
PMID: 27211783
17. Polzer S, Gasser TC, Novak K, Man V, Tichy M, Skacel P et al. Structure-based constitutive model can
accurately predict planar biaxial properties of aortic wall tissue. Acta biomaterialia 2015; 14:133–145.
https://doi.org/10.1016/j.actbio.2014.11.043 PMID: 25458466
18. Nauta FJ, Conti M, Marconi S, Kamman AV, Alaimo G, Morganti S et al. An experimental investigation
of the impact of thoracic endovascular aortic repair on longitudinal strain. Eur J Cardiothorac Surg 2016.
19. Eggebrecht H, Thompson M, Rousseau H, Czerny M, Lonn L, Mehta RH et al. Retrograde ascending
aortic dissection during or after thoracic aortic stent graft placement: Insight from the european registry
on endovascular aortic repair complications. Circulation 2009; 120:S276–281. https://doi.org/10.1161/
CIRCULATIONAHA.108.835926 PMID: 19752379
20. Martin C, Pham T, Sun W. Significant differences in the material properties between aged human and
porcine aortic tissues. Eur J Cardiothorac Surg 2011; 40:28–34. https://doi.org/10.1016/j.ejcts.2010.08.
056 PMID: 21177118
21. Sugita S, Matsumoto T, Ohashi T, Kumagai K, Akimoto H, Tabayashi K et al. Evaluation of rupture prop-
erties of thoracic aortic aneurysms in a pressure-imposed test for rupture risk estimation. Cardiovasc
Eng Technol 2012; 3:41–51.
22. Li WC, Yu MH, Zhang HM, Wang HQ, Xi GM, Yao BC et al. Biomechanical properties of ascending
aorta and pulmonary trunk in pigs and humans. Xenotransplantation 2008; 15:384–389. https://doi.org/
10.1111/j.1399-3089.2008.00498.x PMID: 19152666
23. Juraszek A, Dziodzio T, Stoiber M, Fechtig D, Gschlad V, Aigner P et al. The influence of bicuspid aortic
valves on the dynamic pressure distribution in the ascending aorta: A porcine ex vivo model. Eur J Car-
diothorac Surg 2014; 46:349–355; discussion 355. https://doi.org/10.1093/ejcts/ezu055 PMID:
24644312
24. Qing KX, Chan YC, Lau SF, Yiu WK, Ting ACW, Cheng SWK. Ex-vivo haemodynamic models for the
study of stanford type b aortic dissection in isolated porcine aorta. Eur J Vasc Endovasc Surg 2012;
44:399–405. https://doi.org/10.1016/j.ejvs.2012.06.004 PMID: 22835767
25. Liu X, Fan Y, Deng X, Zhan F. Effect of non-newtonian and pulsatile blood flow on mass transport in the
human aorta. J Biomech 2011; 44:1123–1131. https://doi.org/10.1016/j.jbiomech.2011.01.024 PMID:
21310418
26. Liu Y, Dang C, Garcia M, Gregersen H, Kassab GS. Surrounding tissues affect the passive mechanics
of the vessel wall: Theory and experiment. American journal of physiology Heart and circulatory physiol-
ogy 2007; 293:H3290–3300. https://doi.org/10.1152/ajpheart.00666.2007 PMID: 17873018
Aortic pulse wave velocity changes with four thoracic aortic stent grafts
PLOS ONE | https://doi.org/10.1371/journal.pone.0186080 October 5, 2017 7 / 7
